Positron emission tomography measurements of regional cerebral blood flow (rCBF) 
Introduction
Brain areas implicated in auditory-verbal memory have traditionally been identified on the basis of neuropsychological studies in select patient populations with demonstrable brain pathology. Neuropsychological studies of amnesic patients, with localized brain damage, in particular, have had a predominant role in establishing the neural correlates of memory function. However, the difficulty of this 'lesion model' lies in relating memory function to the integrated functional anatomy of the intact living brain (Damasio and Geschwind, 1985) . Functional brain-imaging techniques, using PET measurements of regional cerebral blood flow (rCBF) or glucose utilization, now provide a complementary approach to the 'lesion model' in determining the anatomical basis of higher mental functions (Raichle, 1987; Frith et al., 1991a) . Positron emission tomography has recently been applied to the in vivo study of human memory function in both normal volunteers (Roland and Seitz, 1989; Squire et al., 1992; Grasby et al., I993a,b; Jonides et al., 1993; Paulesu et al., 1993; Petrides et al., 1993) and patients
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with specific mnemonic deficits (Fazio et al., 1992 , Perani etal., 1993 .
Using a PET activation paradigm involving the immediate free recall of subspan (i.e. five words) and supraspan (i.e. 15 words) word lists we have identified the neuroanatomical components of an auditory-verbal memory system using the 'cognitive subtraction' technique Grasby et al., 1993a ). An important assumption in cognitive subtraction is that the profile of rCBF difference between two sets of PET scans (in each of which subjects perform different psychological tasks) isolates the neural correlates of the essential difference, in terms of cognitive components, between tasks. This method has its origins in the work of Donders who used reaction time measurements to study successive stages of psychological processing (Sternberg, 1969) . The validity of cognitive subtraction thus rests on theoretical assumptions about the componential nature of the psychological processes underlying a particular task. An alternative approach that rests on fewer assumptions about the componential nature of the psychological processes is that of a graded response paradigm. Here a parameter of psychological interest is systematically varied across PET scans (e.g. Price et al., 1992) and correlations are obtained between rCBF responses and the parameter manipulated. Such an approach identifies brain systems that respond over a range, or above a threshold, of the manipulated variable. In this paper we describe an experiment that extends our previous work by using a graded memory task to map the brain systems subserving auditory-verbal memory.
Methods Subjects
Ten right-handed volunteers undertook the study (nine males, one female). Subjects were aged from 21 to 40 years. All subjects were physically fit and gave written informed consent obtained in accordance with the declaration of Helsinki. The study was approved by the local hospital ethics committee and permission to administer radioactivity was obtained from the Advisory Committee on Radioactive Substances (ARSAC) UK.
Positron emission tomography scanning
Each subject underwent 12 serial rCBF measurements (emission scans) over a 3 h period with a CTI model 953B-PET scanner (CTI Inc., Knoxville, Tenn., USA). Collimating septa were retracted which allowed for a considerable increase in the sensitivity of the PET camera and the number of recorded useful counts from the administered radiation (Townsend et al., 1991; Bailey et al., 1991a) . The radiolabelled tracer used was H 2 15 O given as an infusion over 120 s followed by a 30 s flush of saline. The total amount of tracer injected per subject was 135 mCi with a calculated whole body-effective dosimetry of 5 mSv. A transmission scan of 20 min duration was obtained prior to the administration of tracer and was used to correct emisssion scans for attenuation effects. For each PET measurement of the distribution of radioactivity, a scan lasting 165 s was acquired. The integrated radioactive counts accumulated over this period were used as an index of rCBF (Mazziotta et al., 1985; Fox and Mintun, 1989) . The emission scans began 30 s after the start of infusion of radiolabelled tracer. This time coincided with the arrival of radioactivity in the head as measured by the total count rate recorded by the scanner. The count rate rose monotonically over at least 120 s of the 165 s emission scan. All auditory-verbal memory tasks commenced 10 s before the emission scan and lasted for its duration.
Graded auditory-verbal memory tasks
During scanning six subjects were asked to remember and to freely recall, immediately, a series of auditorially presented word lists from two to 13 words in length (Table 1) . Words were high frequency, concrete, imageable (e.g. dress, water, artist) and were taken from the Oxford Psycholinguistic Database (Quinlan, 1992) . A total of 60-66 different words were presented during each scan. Words were spoken by the experimenter at the rate of one every 2 s. Word list length was kept constant for each scan but was randomized amongst scans and subjects. Word list length, and therefore the load placed on auditory-verbal memory systems, was thus varied systematically across the 12 scans. Subjects responded freely without pacing. Words correctly recalled were recorded for each word list presentation. Subject's eyes were closed during scanning.
Control tasks
In the graded response paradigm the pattern of auditory stimulation and speech output varied systematically with increasing word list length, although the number of words presented in total was similar for all scans (60-66 words). Thus, in the two word list memory task, auditory stimulation occurred for 2 s followed by speech output, whilst in the 13 word list task auditory stimulation was for 24 s followed by speech output. Likewise the time period for speech output varied systematically across scans. To examine the influence that the patterning of intermittent auditory stimulation and speech output had on rCBF, four further subjects received similar tasks but without an increasing memory load (Table 1) . This was achieved by using 2-13 word lists in which a single word was repeatedly presented and was then repeated the requisite number of times by the subject. After the correct number of repetitions (signalled by the experimenter begining the word list) the word list was presented again. Different single words were used in different scans and subjects responded freely without pacing. 
Image analysis and statistical parametric mapping (SPM)
Images were examined in ANALYZE (BRU, Mayo Foundation, Rochester, Minn., USA; Robb, 1990) . Statistical analysis was performed in PROMATLAB (MathWorks Inc., Natick, Mass., USA) using statistical parametric mapping (SPM) (MRC Cyclotron Unit, Hammersmith Hospital, London, UK).
Anatomical normalization of scans
To correct for head movement between scans, all images from each subject were aligned using Automated Image Reconstruction (AIR) software (Woods et al., 1992) . Following realignment images were then stereotactically normalized (Friston et al., 1989 . Stereotactic normalization of PET images allows comparison of scan data in identical pixels across different subjects and scans. During normalization a Gaussian filter of 20X20X12 mm (full width half maximum in the x, y and z planes, respectively) was used to remove high-frequency noise in the images and to accommodate differences in gyral functional anatomy between subjects.
Removal of confounding effect of global activity within and between subjects
Following stereotactic normalization, as described above, all scans (memory and control groups separately) were subject to an analysis of covariance (ANCOVA) (Wildt and Ahtola, 1978) . This procedure removes the confounding effect of differences in global activity across scans and normalizes global activity (radioactive counts) to a notional mean rCBF of 50 ml/dl/min (Friston et al., 1990) . For each pixel, the ANCOVA generated 12 condition specific mean rCBF values and associated error variances.
Statistical analysis and creation of SPMs
Two methods of statistical analysis were used to examine the data set generated by the ANCOVA. One method used appropriately weighted linear contrasts (Hand and Taylor, 1987) to derive a ; statistic for assessment of the correlation of rCBF with word list length. The second method used a prinicipal components analysis (PCA) (see below). The former technique is essentially hypothesis led, whilst the latter is data led. With the first method the set of pixel t values constitutes a SPM indicating areas of significant change of brain activity in association with the contrasts specified . Linear contrasts are weightings applied to each of the 12 condition mean rCBF values, for each pixel. Word list length was chosen for the linear contrasts rather than memory performance, as word list length was taken to represent the theoretical load placed on memory systems in the brain. With so many pixels examined, many t values can reach conventional levels of significance by chance. Therefore the location of all pixels with a t value corresponding to P < 0.001 was used to define the profile of rCBF correlations with word list length. This level of significance has been found to protect adequately against false positives (Bailey et al., \99\b) . Comparisons were also made with a group of four subjects studied under the control condition of word list repetition but without increasing memory load (i.e. two to 13 word list length but with a single word per list). For this comparison, weighted contrasts were used to define correlations between rCBF and word list length that were significantly greater for the memory load group than the non-memory load controls (the ANCOVA for each group being computed separately). For this comparison, the threshold of P < 0.001 was also used.
A recursive principal components technique developed for the analysis of PET data sets was also used in addition to the correlation analysis described above.
The method is essentially a data-led approach which allows determination of the important features in a correlation matrix in terms of principal components or eigenvectors. The correlation matrix in this case being the data set of rCBF values in all brain pixels across the 12 scans. Each eigenvector is the linear combination that accounts for independent amounts of variance in the observed data set . The recursive PCA was undertaken on the ANCOVA adjusted mean rCBF values for the six subjects in the memory experiment.
Results

Memory performance
All subjects were able to perform the graded word list memory task. All six subjects achieved 100% correct recall of items from the two, three and four word list tasks but thereafter the percentage of words correctly recalled declined. The total number of words correctly recalled tended to be constant from the seven or eight word list tasks and above (Table 2) . Table 4 ).
Comparison of control task with graded response memory task: positive and negative correlations
When the pattern of positive correlations in the memory experiment was statistically compared with rCBF correlations produced in the control task (repetition of a single word with variable list length) all the foci of correlation remained -42, -12 -28, -72, -16 24, -72, -20 -24, 48, -8 30, 48, 4 38, 40, 16 2, -28, 4 -2, -4, 4 -22, 22, 12 16, 24, 8 0, 20, 28 24,-64, 36 -8,-60, 44 22, 0, 48 -30 Decreasing rCBI with word list length projections significant, apart from correlations in the prefrontal cortex (Fig. 3) . In other words, the prefrontal activations in the memory and control tasks produced similar correlations with rCBF. No significant negative correlations of rCBF with word list length were observed in the control task.
transverse slices
Principal components analysis
The principal components analysis identified three eigenvectors that accounted for 82% of the variance in the data set. The first eigenvector accounted for 67% of the variance and was weighted across the 12 scans (conditions) as shown in Fig. 4 . The weighting of the first eigenvector across the 12 scans (conditions) correlated with subjects mean memory performance across the same scans (correlation coefficient -0.978) (Fig. 4) . Table 4 .
Pattern of rCBF response in select brain areas
In many brain areas the pattern of rCBF response to increasing word list length was for maximal rCBF change from lists of two to six or seven words in length with, in some areas, relatively small rCBF changes beyond this point (Fig. 5 ).
Discussion
Brain areas activated in comparison with a cognitive subtraction paradigm
The graded memory task identified the majority of the anatomical regions previously reported using a cognitive subtraction paradigm (Grasby et al., 1993a) , including the cerebellum, the thalamus, anterior cingulate, precuneus, prefrontal and superior temporal/insular cortical regions. Thus there is a high degree of similarity in the brain areas activated in the two studies. We based our previous memory activation experiment on the theoretical distinction between short-and long-term memory (Atkinson and Shriffin, 1968; Baddeley, 1976 Baddeley, , 1986 ) and used cognitive subtraction to isolate the neural correlates of a putative long-term auditory-verbal memory system (Grasby et al., 1993a) . We argued that the essential difference between the subspan (five word list) and supraspan (15 word list) word list recall tasks was the degree to which long-term memory was active; the subtraction of the rCBF profile in the subspan task from the supraspan task being taken to isolate a rCBF profile that represented the engagement of long-term memory processes. This rCBF profile included the left and right dorsolateral prefrontal cortex, the retrosplenial area of the posterior cingulate and the precuneus. In addition, the comparison of the subspan and supraspan rCBF profiles with a rest state (in another group of subjects) identified a number of neural structures commonly activated in both the subspan and supraspan tasks including the cerebellum (vermis), thalamus and anterior cingulate. The design of the present experiment avoids some, but not all, of the theoretical assumptions implicit in both the previous cognitive subtraction paradigm and in the neuropsychological distinctions between short-and long-term memory systems. In this study we simply report the patterns of rCBF change in association with systematic manipulation of the experimentally defined variable of word list length.
Memory performance and principal components analysis
The spatial distribution of the first principal component was identical to the anatomically distributed system defined on the basis of brain areas responding to increasing word list length (Figs 1, 2 and 4 ). This suggests that most of the variance in this data set is explained by the experimental manipulation of word list length rather than some other unaccounted variable. A clear relationship exists between the first principal component and the averaged number of words recalled by subjects per scan, demonstrated by the high correlation of the loadings of the first principal component across scans with averaged memory performance per scan (Fig. 4) . The manipulation of the independent variable (word list length) produced a clear change in rCBF and in memory performance. The high correlation of the first principal component with memory performance illustrates the degree to which rCBF (a physiological index of memory function in this study) and memory performance (a behavioural index of memory function) are coupled under the conditions of the experiment. The (high) weightings for the first principal component changed appreciably across the first five to six conditions (word list length two to seven) but thereafter were more or less equally weighted across conditions seven to 12 (word lists eight to 13) (Fig. 4) . This suggests that the main experimental manipulations to affect rCBF were occurring in scans of two to seven word list length. This is also seen in the rCBF changes for some areas (e.g. left thalamus) which appeared to be increasingly activated with lists up to six or seven words in length but thereafter no further activations occurred (Fig. 5) .
Theoretical memory systems and the graded response memory task
Although the graded response task is best regarded as akin to a physiological experiment in which a stimulus parameter is systematically manipulated, it is pertinent to consider to what extent these results can be understood in relation to theoretical models of memory function. The most established and robust models have distinguished between a memory system(s) of limited capacity and short duration (primary memory, short-term memory, working memory) from a large capacity long-term system (secondary memory, long-term memory) (Atkinson and Shriffin, 1968; Baddeley and Warrington, 1970; Baddeley, 1976 Baddeley, , 1986 McCarthy and Warrington, 1990) . Evidence for an anatomical separation of shortand long-term memory systems is provided by the clinicoanatomical studies of amnesic patients such as H.M. (Scoville and Milner, 1957) and K.F. (Shallice and Warrington, 1970) in whom a double dissociation of long-and short-term memory systems is apparent. Neuropsychological findings would suggest that in this graded response task both of these theoretical memory systems may be operative. For example, in the free recall of supraspan word lists the recency effect is taken to represent the operation of a short-term memory system (Vallar and Papagano, 1986) , whilst recall in other parts of the list is indicative of long-term memory function (Capitani et al., 1992) . In contrast, when subjects are presented with a sequence of digits just beyond their span, and the same sequence is surreptitiously repeated every three presentations, the probability of recall of the repeated sequence increases over successive presentations suggesting engagement of long-term memory systems in a task that predominantly involves short-term memory (Melton, 1963) . These two systems may operate in a reciprocal manner under certain conditions. Thus when an auditory signal is given to signify the approaching end of a supraspan word list, subjects' performance on the immediate recall of the last few items is improved (recency is enhanced); however, when delayed recall (long-term memory) of these items is tested at the end of the experiment the words are less well recalled compared with a control task of no auditory signal (Shallice, 1975) . This suggests that if short-term memory processes are enhanced there is a concomitant reduction in long-term memory function. If both long-and short-term memory systems are activated in the graded response memory tasks, we would assume that long-term memory systems are increasingly activated as word list length is increased, whilst, in parallel, activation in short-term memory systems either remains constant or declines with increasing word list length. Therefore, it is possible that the increases of rCBF in select brain areas, with increasing word list length, correspond to increasing engagement of long-term memory processes. This view is supported by the fact that the areas identified as showing increased rCBF with word list length do not include the left temporoparietal region and inferior frontal gyrus which have been implicated in short-term memory function on the basis of lesion studies (Warrington et al., 1971; Shallice and Vallar, 1990 ) and a PET activation study . Indeed the brain areas described by Paulesu et al. (1993) as implicated in verbal short-term memory (left BA 44 and left BA 40) are within the large left-sided focus of decreasing rCBF with increasing word list length (Fig. 2) . The principal components analysis and rCBF responses in select individual brain regions (Figs 4 and 5) revealed that activity in many areas of the identified memory system did not increase appreciably for lists longer than seven words. On this basis we propose that the brain areas we have identified are primarily associated with a simple limited capacity system for encoding and retrieving material in memory.
The medial temporal region, particularly the hippocampal formation, has been equated with long-term memory function (Scoville and Milner, 1957; Drachman and Arbit, 1966; Squire and Zola-Morgan, 1991) . No association between word list length and hippocampal/parahippocampal rCBF was observed when correlating across all word list lengths (two to 13 word lists). However, when rCBF correlations were performed for 'subspan' (two to seven word lists) and 'supraspan' (eight to 13 word lists) word list length separately (data not shown) we identified a focus of increasing rCBF with increasing supraspan word list length in the left hippocampal/ parahippocampal region (stereotactic coordinates -10, -42, 4 in x, y and z planes, respectively, Z score = 3.7). We have also identified and reported elsewhere (Grasby et al., 1993b) a similiar focus of increasing rCBF, in the region of the left hippocampus/parahippocampus when correlating rCBF with the number of words correctly recalled from the mid-portion of the serial position curve of word lists of length seven words and above. The mid-portion of the serial position curve was chosen as a relatively pure measure of long-term memory function (Capitani et al., 1992) . In this study supraspan word list length and words correctly recalled from the mid-portion of the serial position curve were highly correlated and are putative measures of long-term memory load and performance, respectively. However, the pattern of activity reported in the hippocampal region is very different from other areas identified in this study where rCBF was correlated across all scans. This suggets that hippocampal areas may have a distinct role in the encoding/retrieval process that differs from regions such as the thalamus and precuneus.
Decreases of rCBF in the region of the superior temporal/insular cortex with increasing word list length
Clear decreases of rCBF were seen in the superior temporal/ insular region as word list length was increased (Figs 2 and 5). No such correlation was seen in the control task (data not shown). A similar finding was reported in our previous study of word list learning of five and 15 word lists where a relative decrease in this region was reported for the 15 word list compared with the five word list condition. Similar decreases in this area have been reported in a verbal fluency paradigm compared with the control task of word shadowing and in the retrieval phase of an episodic memory task where subjects give learnt category exemplars (e.g. 'cheese' response 'gouda'). When this latter task was compared with a word repetition task (e.g. 'animal' response 'animal') reductions of rCBF were noted in the superior temporal/insular region (Shallice et al., 1994) . In addition, when subjects are required to speak a verb on seeing a noun (e.g. 'cheese' response 'eat'), decreases of rCBF in the Sylvian insular cortex occur in comparison with simple noun repetition, unless the noun-verb associations have been practised (Raichle, 1991; Raichle et al., 1993) . These data suggest that such decreases in temporal/insular cortex rCBF cannot be simply ascribed to a subtle confounding effect of variations in speech output or auditory input. Rather they suggest an active process of deactivation in this area with certain linguistic and memory tasks.
Prefrontal correlations in both memory and control tasks
When the rCBF profile of positive and negative correlations of word list length was compared with the control condition, the only areas that appeared to a be equally activated with both tasks were the prefrontal areas. Although prefrontal areas are implicated in memory function (Jetter et al., 1986; Janowsky et al., 1989; Shimamura et al., 1991) prefrontal activations (particularly dorsolateral areas) have also been described in a number of PET studies variously characterized by intrinsic generation , semantic processing (Petersen et al., 1988 (Petersen et al., , 1989 or monitoring of self-generated or externally cued responses (Petrides et al., 1993) . Furthermore, Fuster (1980) has emphasized the role that the frontal lobes play in the temporal organization of behaviour. In our memory tasks subjects have to switch from encoding processes to retrieval processes and, in the control task, from listening to speaking. Thus the prefrontal activations observed in this study may reflect the involvement of processes, other than memory, that are held in common with the control task, such as organizational/supervisory aspects of word list generation and/or speech production.
Distributed neural systems
A potentially useful framework for understanding the patterns of cerebral activations revealed in this and other imaging studies of memory function (Fazio et al., 1992; Perani et al., 1993) is that of distributed neural networks and parallel processing (Mesulam, 1990) . Such distributed systems rely on direct or indirect anatomical connections between brain areas. Reciprocal anatomical connections between many of the areas of the network we have identified have been demonstrated in anatomical tract tracing studies (GoldmanRakic et al., 1984; Goldman-Rakic and Porrino, 1985; Goldman-Rakic, 1987 . Although such a memory system might be distributed it does not necessarily imply that each brain area is equipotential in terms of the cognitive operations that constitute memory function. In this study we cannot distinguish between activity associated with the encoding and retrieval stages of memory since both occur during scanning. It is therefore possible that some areas we have identified are associated with encoding while others are concerned with retrieval. Preliminary evidence from a study in which these stages were examined separately (Shallice et al., 1994) suggests this is the case. Previous studies also suggest that certain areas have more specific roles. For example, the activation of the anterior cingulate cortex with increasing word list length may relate primarily to the attentional demands of the memory task as this structure is implicated in attentional mechanisms (Pardo et al., 1990; Bench et al., 1993) . The exact functional roles of other areas in the identified network are not known. For instance, in our previous study and the graded response task reported here, the precuneus area (posterior parietal cortex, BA 7/31) showed clear and robust activation with increasingly word list length. Furthermore, Petrides et al. (1993) showed significant activations in this area in a task that involved verbal working memory. Despite these PET findings, the role of the precuneus in verbal memory function is unexplored to our knowledge. The word list memory task is clearly dependent on linguistic function and speech production or auditory stimulation activates some but not all of the areas identified in this study. Thus repeating auditorily presented words is associated with increases of rCBF in Broca's area, the insular, sensorimotor cortex representing mouth and vocalization, the supplementary motor area and the paramedian cerebellum, whilst hearing words increases rCBF in the superior temporal cortex and anterior cingulate cortex (Petersen et al, 1988 (Petersen et al, , 1989 Petrides et al., 1993) . Thus, there is clearly some overlap between the areas activated by simple linguistic tasks and our graded response memory tasks although the overall pattern of activation is not that expected from simple auditory stimulation or speech output. Indeed the majority of brain areas identified in our graded memory experiment cannot be explained simply in terms of auditory input or speech output processes per se, as this was controlled for in the comparison with the control task. In this comparison the only brain areas that were equally activated by both tasks were the prefrontal areas (BA 10, 46) . The results of our study also have some similarities with more complex linguistic tasks. For example, intrinsic word generation (verbal fluency tasks) produce activations in the left dorsolateral prefrontal cortex, the left parahippocampal gyms, Brodmann's area 39 and the anterior cingulate, and decreases of rCBF in the superior temporal cortex (Frith et al., \99\b) . Such similarities suggest that auditory-verbal memory tasks necessarily recruit, at least in part, those brain areas that are involved in complex linguistic function. Within a framework of distributed neural systems, this implies that auditory-verbal memory function entails the simultaneous operation of overlapping networks that include those for attention, auditory input, speech production and linguistic analysis.
